Abstract. Maldistribution of exogenous surfactant may preclude any clinical response in acute lung injury associated with surfactant dysfunction. Our previous studies have shown the effectiveness of surfactant lavage after homogenous lung injury. The present study utilizes a histologically confirmed non-homogeneous lung injury model induced by saline lung-lavage followed by meconium injected into a mainstem bronchus. Piglets were then treated with InfasurfÒ or ExosurfÒ by lavage (I-LAVAGE, n = 7; E-LAVAGE, n = 5) or bolus (I-BO-LUS, n = 8; E-BOLUS, n = 5), or went untreated (CONTROL, n = 4). Lavage administration utilized a dilute surfactant (35 ml/kg; 4 mg phospholipid/ml) instilled into the lung, followed by gravity drainage. The retained doses of the respective surfactant in the lavage and bolus groups were similar. Results showed that the surfactant distribution was more uniform in the lavage groups compared to the bolus groups. Significant and consistent increases in PaO 2 were observed in the lavage groups compared to the bolus groups and the controls. PaO 2 (mmHg) at 240 min posttreatment: I-LAVAGE = 297 ± 54, E-LAVAGE = 280 ± 57; I-BOLUS = 139 ± 31; E-BOLUS = 152 ± 29; C = 119 ± 73 (mean ± SEM). Other improved pulmonary function parameters favored lavage administration. We conclude that better surfactant distribution achieved by lavage administration can be more effective than bolus administration in this type of non-homogeneous lung injury.
Introduction
Meconium aspiration syndrome (MAS) continues to be a principal cause of neonatal respiratory distress. Despite prophylactic oropharyngeal suctioning of infants delivered with meconium-stained amniotic fluid, the incidence of MAS varies widely (1.7%-35.8%) [5, 33, 37] . In its severest form, MAS results in a vicious cycle of hypoxemia, hypercapnia, acidosis, and death [1, 5, 29] . A variety of therapeutic interventions have been used to manage these infants including supplemental oxygen, mechanical ventilation, vasodilator agents such as nitric oxide and exogenous surfactant and when all else fails, extracorporeal membrane oxygenation (ECMO) [10, 14] . Nevertheless, reported mortality rates in MAS are as high as 37% [5] .
In addition to mechanical obstruction of the airways and chemical pneumonitis [34] , surfactant dysfunction plays a role in the pathophysiology of MAS [4, 8, 24, 32] . To be sure, meconium has been shown to inactivate surfactant both in vitro [4, 24] and in vivo [8, 32] . This has been the basis for exogenous surfactant administration in this disorder. Accordingly, animal [6, 25-27, 30-32, 38] and human [1, 12, 17, 18, 22] studies have addressed the question of exogenous surfactant treatment in MAS. While the results in animal studies were promising, only one randomized trial of bolus exogenous surfactant has been reported in infants with MAS [12] . The results of this study did demonstrate some benefits of surfactant treatment for MAS.
In the past 10 years, several investigators [6, 11, 18, 25, 27] , including our group [2, 3] have reported on a new administration technique for surfactant called ''lavage administration.'' Unfortunately, there are significant differences in the administration technique amongst the studies. Our technique utilized a large volume of surfactant that was initially administered into the lung by gravity, followed immediately by gravity drainage of excess fluid. The rationale behind our technique is that uniform lung distribution of surfactant is facilitated by a large volume [35] while simultaneously removing alveolar debris.
In this study, we hypothesized that, given the same dose of surfactant, lavage administration would be more effective than bolus in a meconium-induced lung injury model. We also hypothesized that the efficacy of lavage surfactant would be greater when using a protein-containing surfactant as compared to a non-protein preparation. To this end, we created a novel model of acute lung injury in neonatal piglets using a combination of repeated saline lung lavage followed by local instillation of meconium into one lung, which resulted in a non-homogenous lung injury.
Materials and Methods

Animal Preparation
This study was approved by the Institutional Animal Care and Use Committee of Tripler Army Medical Center and was in compliance with the USDA Animal Welfare Act and National Research Council's Guide for the Care and Use of Laboratory Animals. Twenty-nine piglets (19 female, 10 male) aged 5-7 days were utilized for these experiments. They were obtained from a local farm on the morning of each experiment. The animals' weights ranged from 1.45-2.65 kg. Anesthesia was induced with intraperitoneal pentobarbital (30 mg/kg; Wyeth Laboratories, Philadelphia, PA). The animals were then orotracheally intubated with a 4.0 mm cuffed endotracheal tube (ETT). The lungs were inflated with 100 ml of air to prevent atelectasis and the piglets were then placed on a VIP Bird ventilator (Bird Products Corp., Palm Springs, CA). Initial settings were FiO 2 = 0.21, ventilator rate = 40 breaths/min, positive end-expiratory pressure (PEEP) = 5 cm H 2 O, positive inspiratory pressure (PIP) adjusted to maintain End-Tidal CO 2 (Hewlett-Packard 47210A, Palo Alto, CA) between 40-45 mmHg. Anesthesia was maintained with hourly or more frequent administration of intravenous pentobarbital (2.5-5 mg/kg/dose). Core body temperature, monitored via a rectal probe, was maintained at 37.5-38.5°C using heating pads. A femoral artery catheter was placed to monitor blood pressure and allow for arterial blood sampling. A right atrial catheter was placed to monitor central venous pressure (CVP) and to allow for venous blood sampling. These catheters were connected to pressure transducers (Hewlett Packard 66#M1176A6). A femoral venous catheter was placed to allow for administration of medications and continuous infusion of normal saline (100 ml/kg/day).
Model
Once the animals were prepared as described above, the FiO 2 was increased to 1. The animals were paralyzed with 0.6 mg intravenous Pancuronium (Astra Pharmaceutical, Westborough, MA) which was maintained for the rest of the experimental period (0.3 mg/dose every hour or more frequently as needed). The PEEP remained at 5 cm H 2 O and the tidal volume (VT) was adjusted to attain a PaCO 2 of between 35-45 mmHg. This VT was then maintained throughout the rest of the experimental period by adjusting the PIP. Initial lung injury was induced via a sequential series of saline lung lavages performed 6 minutes apart, as described previously [3] . Each lavage lasted between 90 and 120 seconds. The saline lavages were continued until the PaO 2 measurement was <80 mmHg, and remained thus for 20 minutes. A 60-minute observation period followed during which time hemodynamic and pulmonary function parameters were monitored every 30 minutes.
At the end of this 60-minute observation period, the ETT cuff was deflated and the ETT advanced into the mainstem bronchus. The cuff was then reinflated and 1.5 ml/kg of a 44% meconium slurry, prepared as previously described [28] , was administered into the bronchus via an 8 Fr. feeding catheter inserted through the ETT. The cuff was then deflated, the ETT pulled back to its original position, and the cuff reinflated. After a 30-minute observation period hemodynamic and pulmonary function parameters were recorded. This was defined as Sick.
At this point the piglets either remained untreated (Control n = 4) or were placed in one of four treatment groups described below. This was followed by a 4-hour observation period with hemodynamic and pulmonary function measurements obtained every 30 minutes. At the end of the 4 hours, the piglets were humanely euthanized with 1.5 ml Beuthanasia-Daˆ(Hoffman-LaRoche, MO).
Treatment Groups
InfasurfÒ (Calfactant, ONY Inc., Amherst, NY) administered by lavage (I-LAVAGE n = 7), Infasurf administered by bolus (I-BOLUS n = 8), ExosurfÒ (Colfosceril; Cetyl Alcohol; Tyloxapol, Glaxo Wellcome, Research Triangle, NC) administered by lavage (E-LAVAGE n = 5), or Exosurf administered by bolus (E-BOLUS n = 5).
Surfactant Preparation
A diluted preparation of Infasurf (4 mg/ml) was utilized for the I-LAVAGE experiments. In I-BOLUS experiments, in accordance with clinical practice, a fixed volume of surfactant was administered using an average volume of 3 ml/kg. Thus, in order to administer the same dose of surfactant as in the I-LAVAGE group, the concentration of Infasurf varied between 5 and 9.3 mg/ml. Infasurf is a bovine surfactant containing phospholipids and apoprotein B and C. In contrast, we used the same dilution (4 mg/ml) for both the E-LAVAGE and E-BOLUS groups. The volume of surfactant in the E-BOLUS group was matched to the retained surfactant volume in the E-LAVAGE group. Exosurf is an artificial non-protein-containing surfactant.
Surfactant Administration
A volume of 35 ml/kg of surfactant (Infasurf or Exosurf) was used for the Lavage groups. Administration was performed by gravity-assisted lavage through tubing connected to the ETT after disconnecting the piglet from the ventilator. Instillation was from a height 60 cm above the piglets' head immediately followed by passive gravity-assisted drainage accomplished by lowering the tubing 60 cm below the piglets' head. While not quantified for meconium content, the surfactant fluid return was consistently meconium stained. The entire procedure lasted no more than 120 seconds after which the piglet was reconnected to the ventilator.
For bolus administration, the total volume was administered in two aliquots with the piglet in the horizontal position through a small suction catheter advanced to just beyond the tip of the ETT. The catheter was inserted through a one-way adapter connecting the endotracheal tube to the ventilator tubing (Bodie Neo2-Safe valve, BNB Medical Technologies, Inc., Orangevale, CA), which was used to maintain end-expiratory pressure during surfactant administration. One aliquot was administered with the piglet held left side down while the other aliquot was administered with the piglet right side down. After each aliquot was instilled, the piglet was ventilated for 30 seconds while being maintained with the appropriate side down. Upon completion of the procedure, the piglet was placed in the original supine position.
Pulmonary Function
Respiratory flow and airway pressures were monitored continuously with a low dead-space pneumotachometer (#8410: Hans Rudolph, Kansas City, MO). An 8 French fluid-filled catheter was placed in the lower third of the esophagus for measurement of esophageal pressure (Pes). The placement was validated by occlusion. Digitized signals for flow, VT, airway pressure and Pes were collected with a PC-based data acquisition system (AT-CODAS; Dataq Instruments, Akron, Ohio) to measure dynamic pulmonary compliance (Cdyn) and lung resistance (RL). Functional residual capacity (FRC) was measured by the helium dilution technique (Equilibrated Bio Systems, Inc., Melville, NY). Arterial blood gases and arterial/venous co-oximeter measurements were also obtained every 30 minutes for the duration of the experiment.
Hemodynamic Measurements
Heart rate (HR), central venous pressure (CVP) and mean arterial pressure (MAP), were continuously monitored throughout the experiment.
Retained Surfactant Fluid Volume (lavage groups only)
This volume was calculated by subtracting the volume of the gravity drained surfactant fluid return from the initial volume of surfactant administered.
Quasi-static Pressure Volume (PV) Curves
After euthanasia, the piglets were disconnected from the ventilator for 5 minutes to allow the lungs to collapse. The lungs were then subjected to inflation in 5 cm H 2 O increments at pressures from 5 to 35 cm H 2 O. Volume measurements were taken after 30 seconds of equilibration at each pressure. Deflation volumes were measured in the same way, also at 5 cm H 2 O increments from 35 to 0 cm H 2 O.
Surfactant Distribution
Colored microspheres (E-Z Trac, Improtech International, Los Angeles, CA) obtained in a suspension of aqueous solution, with a diameter of 15 lm were utilized. A total of 1.5 · 10 5 microspheres were added to each ml of surfactant preparation. After the piglet was euthanized, the lungs were inflated to 20 cm H 2 O pressure and the lung/heart/trachea block was removed and frozen by immersion into liquid nitrogen. The lungs were then systematically cut into 53 pieces, labeled and weighed, and then sent for counting and analysis by a proprietary company (Improtech International, Los Angeles, CA). Surfactant distribution in each lung piece, as indicated by the microsphere count, was calculated by dividing the number of microspheres in each lung piece (corrected for weight in grams) by the expected number, defined as the total microsphere count in the lung divided by the total lung weight in grams. The calculated ratios for all lung pieces were then plotted.
Lung Pathology
After euthanasia, Quasi-static PV curves were obtained and bronchoalveolar lavage was performed. Following this, the heart and lungs were removed en bloc. The right ventricle was cannulated and a catheter was advanced into the main pulmonary artery. An incision was made in the left atrium to allow escape of infused fluid. Seventy-five milliliters of normal saline was slowly infused through the catheter followed by 100 ml of 10% buffered formalin in order to fix the pulmonary vasculature. After a minimum of 24 hours, the gross structure of the heart and lung was examined. Subsequently, 3 sections from each lung lobe were prepared, embedded in Ameraffin, and stained with hematoxylin and eosin for review by a pathologist blinded to the treatment groups. A four point (0,1,2,3) scoring system, modified from Lewis et al. [12] , assessed each section for polymorphonuclear lymphocyte infiltration, atelectasis, edema, necrosis, hemorrhage, and the presence of meconium. A total score for each lung was then assigned based on the sum of the individual scores.
Data Analysis
A computer software package (SigmaStat, SPSS Inc., Chicago, IL) was used for statistical analysis. Normality was tested with the Kolmogorov-Smirnov test and non-normally distributed data were ranked prior to analysis. Differences within and between groups were determined using two-way ANOVA for repeated measures. When significant differences were detected, the Student NeumanKeuls post-hoc test was used. For all results, p < 0.05 was considered significant. Data in all figures and tables are expressed as mean ± standard error of the mean (SEM). Surfactant distribution data were analyzed for normal distribution through a curve-fitting equation for Gaussian distribution (Graph-Pad Prism, Intuitive Software for Science, San Diego, CA).
Results
Twenty-nine neonatal piglets (19 female, 10 male) were studied. There were no differences between the groups for body weight or age. All results are reported as either the mean or mean ± SEM.
Induction of Lung Injury
The average number of saline lung lavages required to reach blood gas criteria prior to meconium instillation was similar among all groups (I-LAVAGE = 8.9, E-LAVAGE = 9.4, I-BOLUS = 7.8, E-BOLUS = 7.6, and Control = 8).
Retained Surfactant Fluid Volume and Dose
The DPPC dose was matched between I-LAVAGE and I-BOLUS groups, as well as between the Exosurf groups. The I-LAVAGE group retained 4.8 ± 0.6 ml/kg, corresponding to 19.4 ± 2.6 mg/kg DPPC, while the I-BOLUS group received a volume of 3.0 ± 0.2 ml/kg, corresponding to 19.3 ± 2.9 mg/kg DPPC. There were no differences between the two groups in the dose administered. The E-LAVAGE and E-BOLUS groups were identical for both volume and dose (11 ± 0.9 ml/kg and 44 ± 3.4 mg/kg DPPC). The disparity between the retention of Infasurf and Exosurf administered by lavage has previously been observed [3] , accounting for the differences in doses between I-LAVAGE and E-LAVAGE groups.
Pulmonary Function
There was no improvement in oxygenation in either Control or I-BOLUS groups. In contrast, although the E-BOLUS, I-LAVAGE and E-LAVAGE groups demonstrated improvement in oxygenation over time, only the latter two groups were different when compared to Controls (Fig. 1, Table 1 ). PaO 2 values at 240 minutes were I-LAVAGE = 297 ± 54; E-LAVAGE = 280 ± 57; I-BO-LUS = 139 ± 31; E-BOLUS = 152 ± 29; and Control = 119 ± 73 mmHg. No differences were found when comparing I-LAVAGE to E-LAVAGE. Values for PaCO 2 at 240 minutes were I-LAVAGE = 48 ± 4; E-LAVAGE = 47 ± 2; I-BOLUS = 52 ± 4; E-BOLUS = 54 ± 5; and Control L = 67 ± 8. Despite numerical trends toward lower levels in both of the Lavage groups with time, no differences were found within or between groups (Table 1) . With regard to quasistatic PV curves, although Lavage groups tended to have higher volumes at 35 cm H 2 O pressure than the Bolus and Control groups, there were no differences between groups (Fig. 2 ). There were no significant differences found in FRC, Cdyn, and RL during the 4-hour observation period within or between groups (240 min data shown in Table 1 ).
Surfactant Distribution
A total of 9 experiments utilized microspheres for surfactant distribution; 5 were from Lavage groups (3 Infasurf, 2 Exosurf) and 4 from the Bolus groups (3 Infasurf, 1 Exosurf). Since there were no apparent differences between surfactant preparations and the numbers were small, the results of all distribution studies were combined for Lavage as well as for Bolus groups. While both curves fit into the Gaussian equation, suggesting data normality, the mean value for Lavage (0.94, r2 = 0.71) was different than for Bolus (0.56, r2 = 0.43) (p < 0.05), documenting more uniform distribution with lavage surfactant administration (Fig. 3) . Comparison of pulmonary function and ventilator variables among, Control, I-Lavage, E-Lavage, IBolus and E-Bolus groups at 240 min after treatment. All values shown are mean+SE. There were no differences in any of the parameters (two-way ANOVA) except PaO 2 as described in the text.
Hemodynamic Parameters
MAP significantly decreased over time in the Control group, but remained unchanged in any of the treatment groups (data not shown). However, no clinically significant differences were found among groups in HR, MAP, and CVP.
Lung Pathology
Histopathological sections were made on 13 piglets (4 Lavage, 5 Bolus, 4 Control) and the majority of histopathology scores ranged between 1 and 3. Interestingly, despite the meconium administration into the mainstem bronchus, there were no differences between the histopathology scores of the right and left lung, and between treatment groups. The most striking and consistent finding was the extreme variation in the degree of lung injury found in adjacent lung segments (for most lung segments, severity scores ranged at least 2 out of 4). Thus, neighboring areas of minimally affected lung were adjacent to those showing an extreme degree of inflammation, the presence of meconium and fibrin debris, atelectasis, and interstitial edema (Fig. 4) .
Discussion
To our knowledge, this is the first study to demonstrate that, when comparing an equivalent dose of surfactant, lavage administration is superior to bolus in improving oxygenation in a non-homogenous meconium-induced acute lung injury model. This was demonstrated with a synthetic, non-protein-containing surfactant as well as an animal-based protein-containing surfactant. We attribute these results to both a more uniform surfactant distribution, as well as to the simultaneous removal of alveolar debris from the lung in the Lavage groups. Our model of lung injury was unique. In prior studies, meconium was simply administered directly into the normal lung of an animal, including piglets, rats, rabbits, and monkeys [6, 8, [25] [26] [27] [30] [31] [32] . Using this technique, both Cochrane et al. [10] and 1 Sun et al. [9] suggested that the meconium was unevenly distributed in the lung, leaving certain residual lung regions that appeared well expanded and even normal, presumably because they were beyond the reach of the meconium. In contrast, we created a complex nonhomogenous lung injury model by first performing multiple saline lung lavages to deplete surfactant stores and induce an initial uniform background lung injury. Then, meconium was administered into a mainstem bronchus in order to further injure the lung non-uniformly. We believe this created a more extensive lung injury than if we had utilized the standard models of meconium aspiration described above. To be sure, our model may be more relevant to the human situation when infants with meconium aspiration syndrome are vigorously ventilated over days, thus aggravating the initial lung injury [9] .
We were surprised by the modest improvement in oxygenation seen in the E-BOLUS group as compared to the I-BOLUS and Control groups. Perhaps this was a result of the higher DPPC dose and/or the higher volume of surfactant in the E-BOLUS group. Other animal studies utilizing bolus surfactant in MAS have been more promising. Sun et al. [19, 21] published several studies that showed rapid improvement in oxygenation after the administration of bolus surfactant in their animal models of MAS. The surfactant doses utilized in these studies were between 100 and 200 mg/kg, which mimicked the doses generally used in the treatment of neonatal Respiratory Distress Syndrome. Importantly, they found a more pronounced and sustained effect at the higher dose of surfactant [30] . This may explain the lack of appreciable effect of bolus in our study, since our bolus dose was about 10-25% of those used by Sun et al. Nevertheless, dose may not be the only factor related to the lack of effect of bolus surfactant in MAS. In the extensive study of Wiswell et al. [13] the investigators did not show any benefits from high doses of several surfactant preparations in MAS.
Other explanations for the inconsistent results of bolus surfactant in these experimentally induced MAS studies include an ongoing inactivation of surfactant by meconium [24, 34] , and/or the uneven lung distribution of surfactant when administered by bolus [19, 21] . A lavage approach to surfactant administration was consequently described that would theoretically address these concerns. Indeed, recent animal studies [6, [25] [26] [27] have demonstrated that surfactant administered by lavage improves oxygenation in experimentally induced MAS, while simultaneously removing meconium from the lung (41.5%-68.9% recovery rate). In addition, there are two studies evaluating the use of surfactant lavage in newborn infants with MAS. Although, the techniques used in these studies were different, both the studies reported promising results [18, 37] .
Interestingly, the lavage technique used in the above studies varied greatly. Differences included the administration volumes (range: 5-35 ml/kg), the surfactant instillation and fluid recovery methods (active versus passive), and the number of lavages performed (range: 1-4). Despite these major differences in technique, all studies showed improvements in oxygenation after lavage surfactant. This does not preclude the need to better define an optimal lavage administration technique. Regarding our specific method, we have previously reported that piglets administered surfactant by lavage have tolerated the procedure well, with only transient perturbations in hemodynamics and organ blood flow [11, 16] .
The advantages of the lavage technique could also help explain the unexpected beneficial effects in the E-LAVAGE group, confirming our previous experience with lavage Exosurf [2, 3] . This non-protein-containing surfactant preparation has not been shown to be as effective as protein-containing surfactants such as 2 Survanta and Infasurf [7, 15] . Thus, the improvement in oxygenation observed in this group may have been due to the combined effect of improved distribution and removal of meconium during the lavage procedure.
In summary, based on a review of the literature, which is supported by the results of this study, and the general experience in most NICU's, surfactant treatment has become a standard treatment for severe MAS. Although individual response to bolus surfactant may be quite variable, this may in part be due to this method of administration. With the introduction of the lavage technique, there is now a need to better define the optimal approach to surfactant administration in the MAS.
It may be that the best approach to surfactant administration combines the use of both lavage followed by bolus administration. The rationale behind this approach is to first reduce the extent of lung injury by removing as much meconium as possible, while simultaneously administering surfactant to the lung.
Then, bolus surfactant would insure that a sufficient dose of surfactant remains in the lung to counter the surfactant inhibitory effect of meconium, thus allowing for a more sustained therapeutic effect [23] . A variation of this approach, described by Cochrane et al. [6] , initially utilized up to 3 sequential surfactant lavages using a diluted surfactant. This was followed by a final dose with either a high dose lavage or a high dose bolus surfactant treatment. This treatment regimen was also reported in a Phase I/II study in newborn infants with MAS [37] . Unfortunately, the results of the human study were not as promising as the earlier animal studies. A similar approach to surfactant administration (initial lower dose followed by a higher dose) was described by Gommers et al. [13] with encouraging results.
The ultimate role of lavage surfactant in the management of MAS remains to be determined in future studies. One goal should be to determine the optimal administration technique for lavage surfactant in order to optimize surfactant distribution, most efficiently remove alveolar debris, and do so with minimal adverse effects. Although, the technique described by us appears to be very invasive, the incidences of short-term adverse effects are very transient and overall the treatment is well tolerated by animals who have severe pulmonary dysfunction at the time of treatment. Nevertheless, there will be concerns with the 2 minutes of non-ventilation during the lavage procedure when considering the applicability of this technique to humans. Since this may be a barrier to acceptance, the question of safety must await results of pilot studies in humans.
Finally, our results support the continued research in standardizing the lavage technique for treatment of MAS. It would also appear that treatment by this technique would be most beneficial early in the course of the disease before secondary lung injury and dysfunction develop.
